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Wt« W ORTnvN3nd\lwTRTMN3sUhLhRT[m\lN3nkHN3nLhRTnutN3S¦6UTRT[]`dL.UxkgRTnu[]LRTnvkmN3L]SRT[]\_N3nvk­«g«g«« }Q}
Wt«  ro±FsUxwz[RT[m\lN3nN3RLOUTRTiaRT`Uxul`dnwz[m\lN3n «g«"«g«"«g«g«"«g«"«g«g«"«g«"«g«g«« }Q¤
Wt«  O#N3nvwh`km\lN3nf«g«"«g«g«"«g«"«g«g«"«g««g«"«g«g«"«g«"«g«g«"«g«"«g«g«"«g«"«g«g«« }3W
Wt«FE EsdsUznuC\e±E·vKoLONFN36kN3LstL.N3ZRTZt\e\[ºudUznkm\[Å_`tnwz[m\lN3nk «g«g«"«g«"«g«g«« }3W
2 2 Ïa1PA=TÓ6AÏC@
1ÏC 36Q
C«e Á#yvU
s%RTLR3udNx±N3o[]yUwzlNQk.U@k][»\envU «g«"«g«g«"«g«"«g«g«"«g«"«g«g«"«g«"«g«g«« }Q~
C« }  nciFRTLm\6RTnc[HuC\_k][RTnwxUN3nRSRTnt\e6N3_u «"«g«g«"«g«"«g«g«"«g«"«g«g«"«g«"«g«g«« }Q
C« ¤  nciFRTLm\6RTnc[HuC\_k][RTnwxUxkN3nR "%\lUgP3L.N3`ds «g«g«"«g«"«g«g«"«g«"«g«g«"«g«"«g«g«« ¤3
C« W ¥\_k][RTnwxUH\envuF`wxUxuN3n[myvU"SfRTnd\N3luZaV[myUP3L.N3`tsuF\lkm[RTnvw@U «"«g«"«g«g«« ¤3
C«  KoLR3wz[m\lwTRT`kOUN3nL]\_P3\lu[]LRTnk]N3LmSfRT[]\_N3nvk «"«g«"«g«g«"«g«"«g«g«"«g«"«g«g«« ¤C
C«  R#[m\\e[Å¡N3M\enaiaRTL]\RTna[HuC\_km[hRTnwxU@k«g««g«"«g«g«"«g«"«g«g«"«g«"«g«g«"«g«"«g«g«« ¤Q}
C«FE EsdsUznuC\e±E·v¡Uz[mL]\_wg\envuF`vw@Uxu¡N3n¡[]yU"SfRTnt\e6N3_uVZcf[myvUP3L.N3`ts!«g«"«g«g«« ¤Q¤
C«GD EsdsUznuC\e±HD·¡Uh[]Lm\lw"N3n¢Lm\lP3\_u[]LRTnvkmN3L]SRT[]\_N3nvk «g«"«g«"«g«g«"«g«"«g«g«« ¤Q¤
STSVUXW>Y[ZY\
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9 TAÏCQTd
1Ó /  / Ô ÏC / Ó65jT / Ô=Ó! 5ÅÏFd ÊÏF <62
C«e , [hRTnuvRTL.uUh±CsUxwh[hRT[m\lN3nN3R+}Q¥ÀLRTnvudN3S e\nU«"«g«g«"«g«"«g«g«"«g«"«g«g«« ¤Q
C« } ;FLOU@w.yvUh[HUz±FsUxwz[RT[m\lN3n¡N3»RLRTnutN3S¦6UTRT[]`dLOU«g«"«g«g«"«g«"«g«g«"«g«"«g«g«« ¤Q
C« ¤ ;FLOU@w.yvUh[HUz±FsUxwz[RT[m\lN3n¡N3»RLRTnutN3S¦[]LRTnvkmN3L]SRT[]\_N3nÀ«"«g«"«g«g«"«g«"«g«g«« ¤Q~
C« W  nciFRTLm\6RTnwxU"sdLON3sUhL][m\lU@kÇ«"«g«g«"«g««g«"«g«g«"«g«"«g«g«"«g«"«g«g«"«g«"«g«g«« ¤Q~
C«  ¥\_kOwh`vk.km\lN3n-«g«"«g«g«"«g«"«g«g«"«g««g«"«g«g«"«g«"«g«g«"«g«"«g«g«"«g«"«g«g«« ¤Q
C«  Esdste\lwRT[m\lN3n[.N+uRT[hRl`km\lN3n·[myUgSVUTRTnf_LRTSVUxk+«g«g«"«g«"«g«g«"«g«"«g«g«« ¤Q
C«FE EsdsUznuC\e±E· , [RTZt\e\e[ÅN3M[myvUUz±FsUxwh[OU@u¢RTnu¡SVURTnUz_UzSVUhna[Ok «g«"«g«g«« WQ
C«GD EsdsUznuC\e±HD·¬#\ena[OkN3L[]yU"stL.N3s%R3PaRT[m\lN3n[]ydLON3`P3y[myvUN3[]yUzLN3sUhLhRT[m\lN3nk Wt
 TAÏC1 Ï / TcjªÔ=tT 5 Ê>1Ó / AMTÓ 3Ï  J3
:C«e ¤Q¥ÀSVU@uC\_wRT\eSfR3PQUxk «g«"«g«g«"«g««g«"«g«g«"«g«"«g«g«"«g«"«g«g«"«g«"«g«g«« Wa}
:C« } ro±F[]L.UzSfRTÊsN3\na[.kHRTnuf_LRTSVUxk-«g««g«"«g«g«"«g«"«g«g«"«g«"«g«g«"«g«"«g«g«« Wa¤
:C« ¤ D³`t\eluF\nPVRSVNCudUz)«"«g«"«g«g«"«g««g«"«g«g«"«g«"«g«g«"«g«"«g«g«"«g«"«g«g«« Wa¤
:C« W Y#Uxkm`d[.k
«g«"«g«"«g«g«"«g«"«g«g«"«g««g«"«g«g«"«g«"«g«g«"«g«"«g«g«"«g«"«g«g«« Wa¤
Q = Ó / 43 Ê>1Ó / J2
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RTna¡RTlPQN3Lm\[mytSkj\enfw@N3S1st`d[.UzL#iC\lkm\_N3nfRTnvu¡N3ZtpÉUxwh[jL.Uxw@NQP3nt\e[]\_N3n¢udURTÊ®\[myfkm\S1sdlUPQU@N3SVUzÄ
[mL]\_w#6UTRT[]`dLOU@ke\´aU»sN3\na[.kxbc6N3LUh±vRTS1sdlU»[]yU  [.UzLRT[]\eiaU O£_NQk.Uxkm[KMN3\ena[
Ë D#Q}Cbvy%RQ3W6ÌbQ[myU
PQU@N3SVUz[mL]\_wy%R3kmyd\nP&Ë "² ~Q~Cb=Y¬Q¤6Ìb=RTnu[myvU1RTe\lP3ndSVUzna[+Ë	FE!;Ã~Qdb¬ R~ :
6ÌHRT_PQN3L]\e[]ydSVkx«
 nf[myvU"N3[]yUzLyRTnvubtSVNCudUz_kjN3=[]yUHL.URTÊ®jN3LmluN3l[.Uzn¡_UR3u[ON[myvU"wxN3nkm\ludUzLRT[]\_N3nN3=SVN3L.U
w@N3S1st_Uz±URT[m`tL.Uxkx·g\nUxk+Ë	 Õ Lm\6Q}ÌhbstRTnvU@kTbMN3L]\_Uzna[.Uxu§sN3\nc[Okxb=_LRTSVUxk1Ë	 K6EH3WtboKÁQTZ6Ìb
Uh[OwQ«x«x«
Á#yvUyRTnvuF\envP¡N3[myUxk.U6UTRT[]`dLOU@kgLRT\lk.U@kHk.N3SVUgsdL.N3Zt_UzSVkgRTnuªwTRTnlUTR3u[ONs%RTLR3udNx±dUxk
km`w.yªR3k!D£UhL][mLhRTnu! kHsRTLR3utN@±wxN3nwxUhL]nd\nPVPQU@N3SVUz[mL]\_wHsdLON3ZRTZd\\e[]\_Uxkx«j²°U"y%RhiaUstL.UziF\lN3`k]e
kmyNx®nÇË KÃÁ
QQRÌ[my%RT[+R3uduC\e[]\eiaU+nvN3\_k.U\lkHnN3[k]`d\[.Uxu6N3LutU@k.wzLm\Zd\nPf[myU+`tnwxUhL][RT\nc[Å)N3
_LhRTSUxkRTnvuk]yN3`dluZULOUhstR3wxU@u1Za¡Rw@N3S1sNQkm\[m\iaU#SVNFutUhN3nN3\lk.Uc«  [myvUhLUh±vRTS1sdlU@kjRTL.U
sdLOU@k.Uzna[.Uxu§\n§[]yd\lkRTL][m\lwhlU1RTnu°udUzSN3nvkm[mLhRT[.U+[myvU+nUxU@uN3LRsRTL][m\lwh`tRTLRT[m[OUhna[m\lN3n®yvUhn
udURTe\nP+®\[my¢PQU@N3SVUz[mL]\_wHURT[m`tL.Uxkx«
²°U"utUh[OUhL]S\nUxu[]yRT[[]yUH´aUhVsN3\nc[j[.NVRTnRTtµ@UHPQUxN3SUz[mL]\_w6UTRT[]`dL.Ug\_k£[myvUh\LZUzyRhiC\lN3L
`dnvudUzL+R[]LRTnk]N3LmSfRT[]\_N3n­P3LON3`ds=«1²°U+wRTn&k.UxUN3L\envkm[RTnvw@U+\n§¶vP3`dLOU¡+[myRT[[myvUN3ZtpÉUxwz[
w@N3S1s%RTLm\lk.N3nN3ndVSRT´aUxk#kOUhnvk.U
LOUh6RT[m\iaUzeV[.N1R[]LRTnk]N3LmSfRT[]\_N3nªP3L.N3`ts«
A B C

! "#%$&U')(	)!*%+,-
.&/+0*1$24356+"U7$"/8*9"#*"#::*9	;*%"U
):<$="#!$&>:%"#
? :%"#*@A*$&!:%"#*&8=*1"U$B(%C"<*U$1D1E	*9"#*AU:8GFH"UI>JK"#L+0U UM* ? :%"#*@*%I
*1"U$B(NO"#*U$1D1E)L*9"#*L*98'"<P"<::IQSRT UM* ? :%"#*@L*>*1"U$&:%"#*U$1D1U
Á#yvURTLm[]\_wzlU
\lkN3L.PaRTnt\_µxU@uR3kN3_Nx®kx« , Uxwz[m\lN3n}NCwh`vk.U@kN3n[myUgnRT[]`dL.UN3PQU@N3SVUz[mL]\_w
URT[m`tL.Uxkxbjn%RTSUzsN3\ena[OkN3n RSfRTnd\N3lubRTnvu ®jU¡\enaiaUxkm[m\lPaRT[.U¡[]LRTnvkmN3L]SRT[]\_N3n P3L.N3`tsk
ËlL]\_P3\lub#RT¯+nvUQb«@«x«Ì []yRT[1N3sUzLRT[OUN3n­[myt\_kSfRTnt\e6N3_uÊ«  n , Uxwh[]\_N3n!¤CbÃ®jU1\enaiaUxkm[m\lPaRT[.UV[myU
km[RTnvuRTLOuPQU@N3SVUz[mL]\_wostL.N3ZRTZt\e\[m\lU@kRTnvu"\nHsRTLm[]\_wz`d6RTLonvU@Uxu
[ONudUz¶dnvU#RTng\nciFRTLm\6RTnc[MSVUTR3km`tL.U
N3nLRTnvudN3S URT[m`dLOU@kË`dnutUhLH[]yUwxN3nkm\ludUzL.Uxu[]LRTnk]N3LmSfRT[]\_N3nªP3L.N3`tsÌ\nN3L.utUhL[ONN3Zt[RT\n
R
SVURTnd\nP3_`tL.Uxkm`d[x«³Ájyd\lkÃlUR3udk[.N[]yUHw@N3S1st`d[RT[]\_N3nfN3[myUstLm\lN3L»stL.N3ZRTZt\e\[ºfN3ÃR
DRTlk.U
SfRT[.w.yª\enªL.Uxw@NQP3nt\e[]\_N3n RT_PQN3L]\e[]ydSVkx«  n&kOU@wz[m\lN3n&WtbÊ®jU1Uh±C[.Uznu[myvUwzR3kOk
N3jsdLON3ZRTZd\\e[]\_Uxk
sdLON3ZdlUhSVk®\[my[]yU#\na[mL.NCuF`vwh[]\_N3nfN3sdLON3ZRTZt\e\e[Å1utUhnvkm\e[Ål`dnvwh[]\_N3nvkËsuFkhÌÃN3nVRSfRTnd\N3lu«
, Uxwh[]\_N3n \lk"utUhiaN3[OU@uª[.NSVUz[mLm\lw+sdLON3sUhL][m\lU@k+RTnvu§kOU@wz[m\lN3nV[.N¡[myvUh\Lg`k.U+\n§stL.N@iC\luF\nPªR
udUz¶dnt\e[]\_N3n+N3C[myvUUh±CsU@wz[.UxuRTnuRhiaUzLR3PQUURT[m`dLOU@kM®yd\lw.yH\_k\enaiaRTL]\RTna[oN3C[myvUL.UzsdL.Uxk.Uzna[RT[m\lN3n
RTnufkm[RTZt_U`tnudUzL#[]yU[mLhRTnkm6N3LmSfRT[m\lN3nP3LON3`ds«  n1[myvU¶t_[]yRTnuV¶dn%RTÊkOU@wz[m\lN3nbc®jUsdLOU@k.Uzna[
RTnUz±FsUzLm\SVUhna[RTÃRTsdste\lwRT[m\lN3nN3o[myvU"[]yUxN3Lm[ON[myvUuRT[hRl`km\lN3n¡stL.N3ZdlUzS«
STSVUXW>Y[ZY\
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(!"
Õ UxN3SVUh[]Lm\lw"6UTRT[]`dL.UxkRTL.UPQUznUzLRTe¢udUz¶dnvU@uªR3kk.Uz[.kN3sN3\na[.kH\en[]yUstRTnvUN3Lg¤Q¥k]sR3wxUQb
RTnu1[myvU
kOUh[N3ÃRTe%PQU@N3SVUz[mLm\lwURT[m`tL.Uxk#N3MR"P3\iaUzn[ÅCsUwTRTnVZUutU@k.wzLm\ZUxuZaVR
s%RTLRTSVUz[.UzL
4 RTnvu§R1_`tnwz[m\lN3n576 498;:=< ®yd\lw.yªR3k.k.NCwh\6RT[.Uxk[myvUsRTLRTSVUz[.UzL 4 [.NV[myvU+PQU@N3SVUz[mLm\lw"6UTRT[]`dLOU
Ël[]yUk.Uz[?> :A@CB7DFE 506 498G:=<IHKJ$L Ì« ÁjyUl`dnvwh[]\_N3nM5udUxk.wzLm\ZU¡RsRTL][m\lwh`tRTL1[ÅFsU¢N3
PQU@N3SVUz[mL]\_w6UTRT[]`dL.UËl\nUxkxbFsd6RTnUxkxbdwh`tLmiaUxkxbF[mLm\6RTnP3lUxkxbÊ«x«x«OÌ"®\e[]y¡RgkmsU@wz\¶w   & 00 ( 

4 «³¤Q¥¨N3L]\_Uzna[.Uxusd6RTnUxk£wTRTnVN3L£\envkm[RTnvw@UZULOUhstL.Uxk.Uhna[OU@uVZc 4NH 6PO 8RQS< ®yvUhLOUO\_k£R"`tnd\[
iaU@wz[.N3LË[myUnvN3LmSfRTo[ON[myvUsd6RTnUÌHRTnu Q [myvUuF\lkm[hRTnwxU[.N[]yUN3L]\_P3\n«"ÁjyUUx^c`%RT[m\lN3nªN3
¼ºsd6RTnU 4 ½\lk»[]yUzn·
506 498G:=<THVU O,W :YX[Z\QVHJ
Rkm`%RTk.Uz[.kN3
PQU@N3SVUz[mLm\lw1URT[m`dLOU@kTb»km`w.y\nUxkxbÃwz`dL]iaU@kxbkm`dL]DR3wxU@kx«x«x«ORTLOULOU@P3`tRTLVRTnvu
w@N3nvkm[m\[m`t[.U¡uC\^]UzL.Uzna[m\6RTSfRTnd\N3ludkx«&Á#yt\_kSURTnk[myRT[+[]yUfk.Uh[\_klNCwTRTeªuC\^]UxN3SVN3Lmsdyt\_w
[.NRiaUxwh[ON3Lkms%R3w@U B7_ Ël\É« U+[myvUhLOUUz±C\_km[OkxboRT[UR3w.y&sN3\na[+N3#[]yU1SRTnt\e6N3_u`bRlNFwRTe
uF\a]UhLOUhna[]\RTZt_U¡N3nvUhÈD[ON3ÈÅN3nUSfRTstsd\nP_LON3Sb` [.N B7_ Ìdcfe ZUh\nP[]yUuC\eSVUznkm\lN3nN3[myU
SfRTnd\N3lu«  n­[myvURTZN@iaU¢Uh±vRTS1sdlUQbÃ®jUwRTn­k.UxU[]yRT[1[myvUsRTLhRTSVUh[OUhL 4 \_k6N3`dLVuF\SVUhntÄ
km\lN3nRT#®\e[]y­R^c`%R3uFLhRT[m\lw¡w@N3nvkm[mLhRT\ena[¢Ë®yd\lw.y­\_kuF\a]UhLOUhna[]\RTZt_UÌbRTnustRTnvU@kRTL.U[]yUzn!R
¤Q¥ÈDSRTnt\e6N3_uVUx^c`t\eiaRTlUznc[£[.NIgihkj Bml Ëngih\lk³[]yUH`dnt\e[kmsdyvUhLOU\n¢¤Q¥
Ìh«¥Uxkmst\e[OU[]yULRT[]yUzL
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Unité de recherche INRIA Rennes, Irisa, Campus universitaire de Beaulieu, 35042 RENNES Cedex
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